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Abstract 
Towards a low carbon world, the global emission space in the future will be very restricted, which will have a significant impact on the 
deployment of energy infrastructure system. A low carbon energy system will be the key to achieve 2 degrees trajectory. This paper addresses 
this issue by combining the Equitable Access to Sustainable Development model (EASD) and the Global Change Assessment model (GCAM) 
to analyze the development of regional energy consumption and power generation in the process of combating climate change. GCAM, a 
dynamic-recursive integrated model, has divided the world into 14 regions. Under the long term targets resulting in harmonized radiat ive 
forcing levels, the carbon constraints of all regions are quantified in EASD through the allocation based on the per capita, the convergence and 
the status-quo basis, respectively. These constraints are then set as the policy scenarios in GCAM simulations. The findings underline the 
substantial reductions in coal consumption and huge growth in renewable energy and nuclear in all regions. The fossil fuel consumption of 
developed regions has to plummet at once on the per capita basis and peak before 2020 on both the convergence and the status-quo basis. In 
developing regions, the nuclear and the coal/gas with carbon capture and storage (CCS) gradually dominate the power supply. CCS and 
nuclear are the two main technology choices for electricity generation in developed regions. 
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1. Introduction 
To address climate change, the maximum 2ǄC of average temperature rise has been set as our common 
targets in the long-term. Consequently, the global space of greenhouse gas (GHG) emission in the future should be 
restricted strictly. Among all the emission sources, the energy system is no doubt the largest and fastest-growing 
contributor. According to IEA, it was responsible for around 60% of the total anthropogenic GHG emissions in 
2010. And the energy-related CO2 emissions reached a record high of 31.2Gt in 2011 [1]. Energy is actually at the 
heart of the carbon world, so the deployment of future energy system will be significantly influenced by coping 
with this global issue. 
Driven by climate negotiations, main countries have already pledged to reduce their emissions. Meanwhile, a 
range of carbon emission rights allocation schemes have been put forward to quantify specific emission 
allowances for all countries and regions [2]. Since these schemes may ultimately determine the level of action that 
each country needs to undertake in a long period of time, many studies have concentrated on them. In line with 
stringent objectives, a lot of scientific literatures have calculated and compared potential emission rights and 
reduction shares of main parties under different schemes [3-4]. Some papers further estimate abatement costs 
attached by these schemes in the regional level, which usually use the method of marginal abatement cost curves 
[5-6]. Energy systems could be very vulnerable to climate change. However, it seems that exited studies haven’t 
paid enough or comparable attention to the possible impacts of allocation schemes on the development of this 
system. A few studies try to discuss the energy sector transition incorporated in climate considerations. But 
instead of the globally cognitive schemes, they have just created their own scenarios by simply setting caps or 
imposing taxes based on the governmental or official announcements in specific years [7]. 
The intention of this paper is to provide a standard tool and methodology to explore how the allocation 
schemes which define future emission allowances of all countries will induce the energy transition in the process 
of combating climate change. The remainder of this paper is structured as follows. Section 2 describes the model 
along with the scenarios. Section 3 presents the results. We will mainly investigate the changes in the primary 
energy consumption and electricity production. Last, Section 4 draws up the conclusions. 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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2.1 EASD-GCAM 
Two separate models are used in this study, i.e. the Equitable Access to Sustainable Development model 
(EASD) and the Global Change Assessment Model (GCAM). The EASD model is a transparent tool which is 
specialized in the comprehensive comparison of various carbon allocation schemes [8]. At present, EASD 
contains 21 key schemes and quantifies allowance trajectories, carbon equity and abatement costs under them. The 
GCAM model is a partial equilibrium model which divides the world into 14 regions. This model focuses on the 
simulation of the long-term changes in the energy-land-climate system stimulated by different policies [9]. 
To analyze the energy system development in the case that the scheme-based solution dominates the 
distribution of future mitigation efforts, an effective attempt is to combine the allocation module in EASD with 
the energy module in GCAM. In order to ensure the consistency, main procedures of this combination are: 1) with 
the default setting, GCAM is run to provide the baseline which gives a projection of the emission as usual, GDP 
and population of 14 regions in the future; 2) putting the GCAM baseline into EASD, allowances of each region 
under different allocation schemes are quantified; and 3) taking these allowances as input constraint files, GCAM 
is run again to analyze the development of the energy system.  
2.2. Scenario 
2.2.1 GCAM scenario 
Although GCAM has covered all Kyoto GHGs from all sources, this study mainly focuses on CO2 emissions 
in the energy sector. A substantial increase in CO2 emissions in this sector is observed in the baseline, from 
7.82GtC in 2005 to 17.15GtC in 2050. The consumption of renewable energy and nuclear is expected to increase 
from 105.77EJ in 2005 to 226.25EJ in 2050. The global electricity production increases from 64.20EJ in 2005 to 
208.35EJ in 2050. 
2.2.2 Policy scenarios 
This paper emphasizes three most basic and classic norms in the future allocation of carbon space, i.e. the per 
capita, the convergence and the status-quo.  The per capita scheme (EPC) immediately gives equal emission rights 
of all citizens in the world no matter where they live. It is quantified by Eq. (1), where Eit denotes region i's 
allowance in the year t, Pit denotes region i's population in the year t and Qt denotes the global quota consistent 
with climate targets in the year t. The convergence scheme is represented by contraction and convergence (CC), 
which means the annual emission per capita in each country and region gradually converges to a certain level in a 
specific year, indicated by Eq. (2), where a denotes the convergence parameter and T denotes the elapsed time 
ratio. The status-quo scheme (grandfathering, GF) allocates global quotas amongst regions based on the current 
emission status. The status-quo scheme (grandfathering, GF) allocates the global quotas amongst regions based on 
the current emission status. Without participation thresholds, one region will receive allowances proportional to its 
emissions in the reference year, given by Eq. (3), where Ref denotes the reference year of the current emissions 
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EASD has already covered the three essential principles and schemes. We set the convergence year as 2050 
and the emission reference year as 2005 (the GCAM base year), then Figure 1 illustrates the allocation results with 
the global emission pathway RCP2.6. Compared to the baseline emissions, EPC requires the largest reductions in 
developed regions (-62%ü-81%), followed by CC(-44%ü-58%). GF needs developing regions to mitigate by 
around 60% (-44%ü-71%). It seems that China and Middle East face the hugest burdens in the developing world.  
-80%
-60%
-40%
-20%
0%
20%
40%
60%
80%
Af
ric
a
C
hi
na
In
di
a
M
id
dl
e 
Ea
st
La
tin
 A
m
e
ric
a
So
ut
he
a
st
 
As
ia
CC EPC
-90%
-80%
-70%
-60%
-50%
-40%
-30%
-20%
-10%
0%
AZ
C
a
n
a
da
Ea
st
e
rn
 E
ur
op
e
FS
U
Ja
pa
n
Ko
re
a
U
SA
W
e
s
te
rn
 E
u
ro
pe
 
Figure 1 Allowance reductions in 2005ü2050 compared to the GCAM scenario: energy CO2 
The allowances under CC, EPC and GF could be treated as CO2 constraints in the energy sector of all regions, 
respectively. These constraints are now set as the policy scenarios in GCAM simulations to capture the features of 
the energy system in the allocation framework 
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Based on the EASD-GCAM model, this section will show the evolution of the world energy system 
promoted by the effort-sharing schemes. To avoid bad carbon leakage from the energy system to land use, the 
land-use emissions will be valued with the same price as those in the energy sector. 
3.1 Primary energy consumption 
From the global scope, about 10% reduction of the total primary energy consumption in 2005ü2050 of the 
whole world is observed under the three schemes. Renewable energy and nuclear are obviously important in the 
carbon constrained world, accounting for 35%, 40% and 34% of total primary energy consumption in CC, EPC 
and GF scenario in the whole interval, respectively. The absolute per capita allocation especially improves the 
development of renewable options and nuclear, increased by 68% (renewable) and 129% (nuclear) compared to 
the baseline scenario. Allocation schemes prompt the total usage of coal decreasing dramatically from around 
11000EJ to around 5500EJ (5194ü5954EJ). Among renewable sources, the consumption of biomass (from 
3036EJ to 4914ü5742EJ), wind (from 693EJ to 1202ü1437EJ) and solar (from 158EJ to 302ü434EJ) shows 
substantial increases. 
Figure 2 depicts the primary energy consumption by fuel, where the curve indicates the share of renewable 
energy together with nuclear. For developing regions, all the three schemes will reduce the consumption of coal. 
Compared to the baseline, nuclear will be sharply developed in China and India, increasing from 1.10EJ in 2005 
to 31.99ü34.26EJ in 2050 and from 0.28EJ in 2005 to 19.18ü25.81EJ in 2050, respectively. Toward a low 
carbon roadmap, the energy structures in China and Middle East seem scarcely affected by the selection of the 
schemes. However, the allocation basis is likely to greatly influence the energy mix in Africa, India, Latin 
America and Southeast Asia, especially the substitution of biomass for conventional energy. Compared to CC and 
EPC, GF will significantly accelerate the deployment of clean energy in Africa, India and Southeast Asia, 
accounting for 60%, 67% and 55% of primary energy consumption in 2050, respectively. For developed regions, 
EPC requires rapid increases in alternative energy, which is in accordance with their severe reduction tasks under 
this scheme. The consumptions of fossil fuels have to plummet at once on EPC basis and peak before 2020 on 
both CC and GF basis. Although the tradition energy consumptions in all developed regions almost decrease year 
by year in the climate scenarios, GF maintains relatively high usages of them. Under all schemes, the huge growth 
in biomass and nuclear in the developed world is observed. For example, the total share of the two sources will 
increase to 28%ü43% and 28%ü45% in US and Western Europe in 2050, respectively.   
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Figure 2 Primary energy consumption by fuel (left to right: GCAM baseline, CC, EPC, GF; EJ)  
3.2 Power generation 
To deal with climate change, the total power generation in the period of 2005ü2050 increases from 5906EJ 
to 6189ü6512EJ. Compared to the baseline, the fossil-fuel electricity output in the tradition manner will 
drastically drop by over 50% (50%ü56%) under the these schemes. Nuclear power is expected to play a much 
important role, increasing to 1292ü1598EJ and accounting for 21%ü25% in future power generation. Carbon 
capture and storage (CCS) will contribute vastly to the low carbon electricity, with  coal-CCS, gas-CCS and 
biomass-CCS increasing to around 640EJ (637ü649EJ), 450EJ (441ü465EJ) and 330EJ (314ü355EJ), 
respectively. Among renewable sources, in the global perspective, hydro power is likely to stay the same level as 
usual, however, wind power (from 305EJ to 566ü679EJ) and solar power (from 79EJ to 153ü212EJ) increase 
greatly in the carbon constrained scenarios. 
Up to 2050, coal-fired plants tend to disappear in all regions under all schemes; on the contrary, coal/gas-
CCS and nuclear power gradually dominate the electricity supply in most regions, as shown in Figure 3. 
Compared to the baseline, hydro power in all regions almost remain unchanged. In developing regions, with 
carbon constraints, nuclear power is rapidly boosted in China (from 0.19EJ in 2005 to 16.63ü17.35EJ in 2050), 
India (from 0.06EJ in 2005 to 9.38ü14.10EJ in 2050) and Southeast Asia (from 0.15EJ in 2005 to 5.33ü6.73EJ 
in 2050). The clean electricity mix in China, Middle East and Latin America seem insensitive to the choice of 
schemes. For instance, a large proportion of electricity in China will be always produced from coal-CCS (around 
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35% in 2050) and nuclear (around 29% in 2050), and Middle East will highly rely on gas-CCS (around 45% in 
2050). CC and EPC will give comparable impacts on the electricity generation system in all the developing 
regions. However, GF will markedly increase the CCS equipment in traditional gas plants in Africa, where the 
share of gas-CCS power could achieve 24% in 2050. At the same time, this scheme will also lead to the quick 
elimination of fossil fuel plants which are carbon intensive in both India and Southeast Asia. In developed regions, 
the scale of nuclear power will be extremely enlarged except Australia &New Zealand. CCS and nuclear are the 
two main technology choices to realize low carbon in electricity generation in these regions. Taking US as an 
example, the share of CCS and nuclear power will reach 30%ü33% and 31% ü41% in 2050, respectively. 
Among all the renewable options, the power produced from biomass with CCS and wind distinctly increases from 
the baseline. Compared to CC and GF, an instant decline of power generated from conventional fuels (especially 
coal) without CCS in developed world is shown under EPC. 
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Figure 3 Power generation by technology (left to right: GCAM baseline, CC, EPC, GF; EJ) 
3.3 Discussions 
Figure 2 and Figure 3 have graphically indicated the energy transition in all regions motivated by allocation 
schemes based on different principles. GCAM is a dynamic recursive integrated model. With this model, the 
significances of renewable sources, nuclear and CCS have been quantitatively presented. However, more details 
of this model should be still carefully investigated, especially the availability of technology and the potentials of 
nuclear. Many countries have recently claimed to control their scale of nuclear power, which should be 
continually updated in future studies. 
4. Conclusions 
Towards a carbon constrained world, the global emission space will be very restricted. The allocation of this 
limited space will indeed have a crucial impact on the energy transition. By combining EASD and GCAM, this 
paper provides a general pattern to consider how effort-sharing schemes will affect the energy system 
development in the future. Three fundamental schemes are examined. The analyses have mainly focused on the 
primary energy consumption and power generation. 
Following the decarbonisation emission pathway, the substantial reductions in coal consumption and growth 
in renewable energy and nuclear are required in all regions under all the schemes. The traditional coal-fired power 
plants will almost disappear in climate scenarios until 2050. In developing regions, the low carbon energy system 
of China is barely affected by the choice of allocation schemes. However, the status-quo allocation will 
significantly promote the development of clean energy in Africa, and India. The nuclear and the coal/gas with 
CCS gradually dominate the power supply. In developed regions, the fossil fuel consumption has to reduce 
immediately on the per capita basis and peak before 2020 on both the convergence and the status-quo basis. CCS 
and nuclear are shown the two most important options to produce clean electricity. 
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